A novel method for coherent broadband direction of arrival (DOA) estimation is introduced based on physics of signal propagation. This technique does not require any preliminary knowledge of DOA angles nor the number of sources to be estimated. As an illustration, two simulation examples covering single and multi-group scenarios are presented.
I. Introduction
The problem of estimation of direction of arrival (DOA) broadband sources has renewed applications in wireless communication systems due to the use of multiple antenna receivers. In a complex multipath environmenc received signal from different directions may be correlated, which prevents the application of narrowband DOA estimation techniques to estimate DOA. Wang and Kaveh [I] introduced the use of focusing matrices for the purpose of coherent signal-subspace processing for DOA estimation of farfield wideband sources. These focusing matrices are used for the alignment of the signal subspaces of narrowband components within the bandwidth of the signals, followed by the averaging of narrowband array data covariance matrices into a single covariance matrix, thus achieving a substantial reduction in data. Now, any signal subspace direction finding procedure, (such as MUSIC [2] or its variants), maximum likelihood (IvlL), or minimum variance (MV), can be applied to this averaged covariance matrix to obtain the desired parameter estimates. The problem with the above theory being that it requires knowledge of the direction of arrivals which are unknown and is applicable to only a pair of sources. In later years, the technique was developed and refined [3] , [4] to account for multiple sources but the problem of prior information about the DOA still remained. In this paper, we have used modal analysis technique to propose novel focusing matrices that do not require preliminary DOA estimates and are completely independent of the signal environment.
The spatial resampling method is one technique that does not require preliminary knowledge of DOA in order to localize wideband sources. It was first introduced by Krolik and Swinger [SI and is motivated by treating the output of a discrete array as being the result of spatially sampling a continuous linear array. The same concept is also known as an interpolated array approach used in [6] . Krolik and Swingler [5] used digital interpolation methods to resample the array data. An alternative technique is suggested in this paper. Under this technique a set of resampling matrices has been proposed which is same for the full field of view of the array data, unlike in the case of [61.
The number of computations can be reduced by combining the focusing matrices and spatial resampling ma&-ces to form modal covariance matrices. Simulation results show that the method works well for single group as well as multi-group sources at lower and upper frequency hand ratios without preliminary DOA estimates. 
Problem Formulation

(5)
We wish to determine the direction of arrival (DOP.) 0
The correlation matrix of the observed data in the mth and from the observed data ~(k,).
frequency bin is defined as
where [. I" denotes conjugate transpose operation and E is the expectation operator. Substituting (3) in (6), we get Rz(km) =A(e;km,)R,(km)AH(Q;km) (7) + E{n(lc,)n(km)H}
where
is the source correlation matrix. Here, we assume thau the source signals and noise are uncorrelated.
Focusing Matrices for Coherent Wideband Processing
In this section, we briefly outline the focusing method. The first step following the frequency decomposition of the array data vector is to align or focus the signal space at all frequency bins into a common one at a reference freqwncy by focusing matrices T(k,) that satisfy
T ( L ) A ( e ;
k,) = A(8; ko), m = 1 , . . . , M , (9) where ko E [kl, k,] is some reference frequency and A ( @ k )
is the direction matrix defined by (4) . Applying the Lf f o cusing matrices to the respective array data vectors (3) gives the following focused array data vector,
Then the focused and frequency averaged data covariance matrix is given by
M
R = T (~) E ( z ( k m ) s H ( k m ) } T H ( k m ) . (10)
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We use (6). (7) and (9) The focused data covariance matrix (11) is now in a form in which almost any narrowband direction finding procedure may be applied. Here, we apply the minimum-variance (MV) method of spatial spectral estimation [7] to the frequency averaged data covariance matrix R. We now use modal analysis techniques to propose novel focusing matrices which do not require preliminary DOA estimates and are completely independent of the signal environment. Here we only consider a linear (possibly nonuniform) array but it may be generalized to arbitrary array configurations.
m=l
Using Jacobi-Anger expansion [9] we may write (14) has an infinite number of terms, thus we can not use it to represent finite-dimensional matrices.
For a finite aperture array with finite bandwidth signal environment, the series (14) can be safely truncated by finite number of terms (say N) without generating significant modelling errors. We show this somewhat informally below. Figure I shows plots of a few spherical Bessel functions jnk) against its argument. We can observe from Figure 1 that for a given ks, the function jn(kz) + 0 as n becomes large. This observation is supported by the following asymptotic form [lo] "=O for kx << n. which satisfies the focusingrequuement (9) ; recall that ko is the reference frequency.
The major advantage of the focusing matrices (20) over the existing methods is that these matrices do not need preliminary DOA estimates and accurately focus signal arrivals from all directions. Also note that these matrices can be calculated beforehand for a given array geometry and frequency band of interest.
IV. Spatial Resampling Methods
Spatial resampling is another method 151 used to focus the wideband array data to a single frequency so that existing narrowband techniques may be used to estimate the DOA. The basic idea of spatial sampling is outlined below. 
. , M , (21)
where A("')(@ k ) is the DOA matrix of the mth subarray. Hence if we have M arrays for each frequency bin with the same aperture, then their covariance matrices can be averaged over frequency without losing DOA information. The average covariance matrix can then be used with existing narrowband DOA techniques to estimate DOA angles. Of course it is not actually practical to have a separate array for each frequency. This problem can be overcome by having a single array and using the received array data to form the array data for M (virtual) arrays by interpolatiodextrapolation of the received array data. This is tantamount to constructing a continuous sensor using the received array data and resampling it. There are several methods reported in the literature. In [6] the field of view of the anay is divided into several sectors, and a different interpolation matrix is calculated for each sector using a least squares fit.
We will now show how to use the modal techniques to find a transformation matrix to calculate array data for M virtual arrays given the output of a single array. Sensor locations for the real array can be arbitrary on a line, i.e., there is no requirement for it to be a uniformly spaced array. From (18) the real array DOA matrix in the mth frequency bin is given by and the DOA matrix of the mth virtual array at frequency k , would be
A(m)(C3; k,) = J ( k , ) P ( e ) ,
where from (17) with kmxp = pr,
which is a constant matrix, independent of m and k,. Therefore we can write 
., M ,
are the spatial resampling matrices. Now these spatial resampling matrices (they act as focusing matrices) can be used to align the array data in different frequency bins, so that narrowband DOA techniques can be applied. Similar to the focusing matrices (20). these spatial resampling matrices (26). do not require preliminary DOA estimatiori and depend only on the m y geometry and the frequency. 
VI.1. A group of two sources
The signal environment consists of two completely comelated sources at angles 8 = [38O 4 3 ' 1 . Let si@) be the source at 38'. and the source at 43' is delayed version of sl(t) and is given by sz(t) = s l ( t -to) with to = 0.125s or equivalently in frequency domain sa(f) = sl(f)e-Jft.. Here, s l ( f ) is FourierTransfonned signal sl(t). The signalto-noise ratio is 10dB.
The signals used lie within a bandwidth of 40Hz with midband frequency at 1OOHz. This gives a lower band edge A preliminary angle estimate of 40.4" has been necessary to correctly estimate the direction of arrivals using the later technique whereas no prior knowledge of angles is required for MSP technique. The graphs reveal that both processes localize the sources with fine accuracy. However, a focusing angle of 53" in the case of [ll will result in Fig. 4 MSP produces better results (Fig 7) as compared to the technique proposed in 131 (Fig 8) . A total number of 45 sensors and 55 frequency bins are used in the simulation.
VII. Conclusion
A novel method (MSP) for coherent broadband direction of arrival estimation is inuoduced. The method does no1 require any preliminary knowledge of DOA angles nor the number of sources. 
